Abstract-Ultrafast optical microscopy of metal z-pinch rods pulsed with megaampere current is contributing new data and critical insight into what provides the fundamental seed for the magneto-Rayleigh-Taylor (MRT) instability. A two-frame near infrared/visible intensified-charge-coupled device gated imager with 2-ns temporal resolution and 3-µm spatial resolution captured emissions from the nonuniformly Joule heated surfaces of ultrasmooth aluminum (Al) rods. Nonuniform surface emissions are consistently first observed from discrete, 10-µm scale, subelectronvolt spots. Aluminum 6061 alloy, with micrometer-scale nonmetallic resistive inclusions, forms several times more spots than 99.999% pure Al 5N; 5-10 ns later, azimuthally stretched elliptical spots and distinct strata (40-100 µm wide by 10 µm tall) are observed on Al 6061, but not on Al 5N. Such overheat strata, which are aligned parallel to the magnetic field, are highly effective seeds for MRT instability growth. These data give credence to the hypothesis that early nonuniform Joule heating, such as the electrothermal instability, may provide the dominant seed for MRT.
On the Evolution From Micrometer-Scale Inhomogeneity to Global Overheated Structure During the Intense Joule Heating of a z-Pinch Rod azimuthally correlated (lathe-generated) liner-surface roughness was considered the dominant seed for MRT; however, experiments on the Sandia National Laboratories Z Machine show that liners with 10-30 nm initial roughness develop MRT, which is both larger amplitude and more azimuthally correlated than expected [15] [16] [17] . Alternatively, early in the current pulse, while the metal is at subelectronvolt temperature and well before bulk liner implosion has begun, an azimuthally correlated electrothermal instability (ETI) may grow on the liner's surface to an amplitude of several micrometers [18] , [19] (∼100 times the initial roughness). ETI is driven by Joule heating and arises from the dependence of electrical resistivity (η) on temperature (T ) [20] [21] [22] [23] [24] [25] [26] [27] . For metals in solid, liquid, and (nonionized) vapor states, with ∂η/∂ T > 0, hot and cold bands, or azimuthally correlated "strata," can grow, whereas for plasmas (∂η/∂ T < 0), axially oriented overheated "filaments" can grow. Simulations demonstrate that after a condensed metal (∂η/∂ T > 0) melts and loses strength, temperature and pressure variations drive expansion along strata, providing a relatively large amplitude seed for MRT growth [18] , [21] , [24] , [26] , [27] . However, strata formation from a thick metal-where the metal is thicker than the magnetic field penetration depth and thus current is carried in a surface skin layer-has until now lacked experimental confirmation. Which inhomogeneity most virulently drives the early nonuniform Joule heating of the current-carrying surface of a conductor, and whether such nonuniformity can provide the dominant seed for subsequent MRT growth have not yet been experimentally determined. To address such questions requires data on the low-temperature evolution of a metal carrying skin current; the ongoing need for such data motivated this paper.
This manuscript presents unparalleled data on the early nonuniform Joule heating of a thick z-pinch rod. Precision load fabrication (diamond turning and/or electrochemical surface polishing) has been combined with extreme diagnostic resolution to provide data for unique, constraining tests of 3-D magnetohydrodynamic (3-D-MHD) simulations. For Al 6061 alloy, newly observed early phenomena include overheated azimuthally stretched elliptical spots (20-40 μm wide by 10 μm tall) and distinct strata (40-100 μm wide by 10 μm tall). A variety of theoretical and computational studies [18] , [21] , [24] , [26] , [27] demonstrate that overheat 0093-3813 © 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. strata, which are aligned with the magnetic field, are highly effective seeds of MRT. These data give credence to the hypothesis that early nonuniform Joule heating, including, but not limited to, ETI, may provide the dominant seed for MRT. However, for 99.999% pure Al 5N alloy with little or no inclusions, and meticulous surface preparation, the number of bright spots that initially form on the rod's surface is reduced, and strata formation is eliminated; these data provide a path for potentially mitigating the dominant seed for MRT.
II. EXPERIMENTAL OVERVIEW Diagnosing the early surface heating of thick metal carrying current in a surface skin layer poses a significant experimental challenge. First, thick metals support 3-D current flow; current will tend to divert around (on the surface) and/or below (deeper than the surface) regions of higher resistivity, which could reduce or even quench local runaway overheating. This may result in more subtle and difficult to diagnose temperature variations than in thin wires or foils [28] [29] [30] [31] [32] . Next, for ultrasmooth surfaces, nonuniform Joule heating is likely seeded by micrometer -scale variations in the metallic structure (i.e., inclusions, defects, or grain boundaries); diagnostics with micrometer -scale spatial resolution are, therefore, needed to determine if such seeding processes are credible. Furthermore, strata formation is predicted to form in condensed metals (∂η/∂ T > 0), which are typically at temperatures below 0.3 eV, and thus weakly radiating in the near infrared (NIR) and visible (VIS). If low-intensity emissions are to be observed, they cannot be overwhelmed by emissions from the nonthermal plasmas common to high-voltage generators (e.g., arcs from load-electrode contacts). Finally, diagnosable striation-form overheated structures may be short lived, growing while ∂η/∂ T > 0, but then stabilized and/or overwhelmed by much brighter emissions when the surface transitions to the plasma state (∂η/∂ T < 0). Thus, diagnostics require a few-nanosecond temporal resolution. In summary, a high spatial (micrometer scale) and temporal (nanosecond scale) resolution intensified gated imager with sensitivity to NIR/VIS emissions is well-suited for examining the nonuniform surface heating of thick metals pulsed with intense current.
Ultrafast microscopy captured emissions from the surface of 1-mm-diameter Al rods [ Fig. 1(b) ] pulsed to 1 MA in 100 ns by the Zebra pulsed-power driver [33] . Data from such rods emulate the early heating stages of liners imploded on the Z machine, with current flowing in a surface skin layer, megagauss-level surface field, and Joule heating through nonlinear magnetic diffusion. The hardware platform used [ Fig. 1(a) ] includes compressed metal-to-metal electrical contacts in the load region, and has been shown, through rigorous experimental testing, to consistently mitigate nonthermal plasma formation [34] . A two-frame NIR/VIS intensified-charge-coupled device (ICCD) gated imager with 2-ns temporal resolution and 3-μm spatial resolution had sufficient collection efficiency and gain to record low temperature emissions (T ≥ 0.3 eV) from Al in the liquid/vapor state yet also had the dynamic range to record emission from ∼3-eV plasmas. (c) Select time-dependent experimental parameters, including a typical Zebra load-current profile [all data are synchronized so that for each shot, I (t = 100 ns) = 500 kA], and the change in rod radius. Expansion data are quite consistent for the variety of loads discussed in this paper; the data from which the expansion curve was derived are discussed in detail in [35] . Spatially integrated, green-filtered (broadband), self-emission data, recorded using a fast photodiode array, are given for all experiments for which ICCD images are included in Fig. 3 . Included along the time axis are labeled tick marks (a-n), which indicate the start time of the intensifier gate pulse for images (a-n) in Fig. 3 [36] , as well as the variety of overheat structure observed in each image (spot, strata, filament, or a combination).
III. PRESHOT CHARACTERIZATION OF ALUMINUM SURFACES Since any perturbation in the resistivity or current density can seed nonuniform Joule heating, load surfaces were characterized using several types of microscopy, prior to experiments. These included scanning electron microscopy [SEM; secondary-electron surface topography, Fig. 2(a) , (c), and (e)], energy dispersive spectroscopy (EDS; elemental constituents), and white-light interferometry [WLI; surface topography, Fig. 2(b), (d), and (f) ]. Fig. 2(a) and (b) shows an Al 6061 rod, which was conventionally machined (CM) and pulse-oxide electrochemically polished (PO-EP) [37] . Power spectrum analysis of SEM and WLI data from such rods indicates a perturbation with 5-μm wavelength is present (due to lathe machining). Fig. 2(c) and (d) shows a singlepoint-diamond-turned (DT) and PO-EP Al 6061 rod surface. Since DT resulted in submicrometer-amplitude machining perturbations, even minimal Al removal by PO-EP exposes inclusions as the dominant remaining surface defect. EDS indicates that the inclusions are predominantly composed of silicon and magnesium. Finally, Fig. 2 (e) and (f) shows an Al 5N (99.999% pure) surface, which was DT and PO-EP. Very few, if any, inclusions are identified, and the surface is nearly perfect, in comparison, although several micrometerscale defects are still present in Fig. 2(e) .
IV. ULTRAFAST MICROSCOPY DATA
A two-frame NIR/VIS ICCD system monitored the evolution of surface emissions from intensely Joule heated Al rods. Emissions from rods of varying alloy and fabrication technique are shown in Fig. 3 . In most experiments, two images were captured using separate Andor iStar ICCD cameras [38] .
A Questar QM-100 long distance microscope generates an image that is magnified by a 28-mm Nikkor lens and next split using a pellicle membrane. Separate images were focused on the independently gated ICCDs. The system magnification was M ∼ 22. Approximately, 3-μm spatial resolution was achieved, as determined using an AF-1951 resolution test pattern.
V. ANALYSIS AND DISCUSSION Certain differences in nonuniform heating can be correlated with the metallic alloy used and/or surface defects specific to the fabrication process. While the earliest observed emissions always originate from discrete spots, the number of spots depends strongly on alloy. Fig. 4 plots the number of spots/mm 2 for 15 images (ten for Al 6061 and five for Al 5N). These data indicate that the number of spots increases with time (current), and at time ∼115 ns (∼650 kA), there are 2-9 times more spots/mm 2 for Al 6061 surfaces than for Al 5N surfaces. The dramatic contrast can also be seen by comparing Fig. 3 It is interesting to compare the number of spots/mm 2 ( Fig. 4) with the number of surface defects/mm 2 in Fig. 2 . Evaluating 0.0095 mm 2 of the Al 6061 DT+EP rod surface characterized in Fig. 2(c) , there is only one defect with longest dimension d > 5 μm (which equates to 100 defects/mm 2 , albeit with poor statistics). There are 17 defects (1800 defects/mm 2 ) with 2.5 < d < 5 μm, 80 defects (8400 defects/mm 2 ) with 1 < d < 2.5 μm, and over 200 000 defects/mm 2 with d < 1 μm. This suggests that defects of scale ∼5-μm seed the observed spots. While Al 5N rods are essentially inclusion free, a small number of fewmicrometer-scale defects do exist on the surface. Such defects possibly seed the relatively small number of spots emitting from Al 5N.
This first-ever observation of azimuthally elongated spots [ Fig. 3(c) ] and strata [ Fig. 3(d) , (e), and (h)] in the early heating phase of Al 6061 is significant, as strata are highly effective seed perturbations for the MRT instability. Very few circular spots are seen when elliptical spots and strata are present. Hence, the majority of the latter likely result from azimuthal broadening of initially quasi-spherical resistive imperfections, with subsequent merging of elongated spots into strata. (Simulations show that similar initially isolated ETI-driven perturbations will correlate azimuthally; see [27, Figs. 4 and 5] and relevant discussion.) This would also explain the difference with Al 5N, which did not show strata, because resistive inclusions are far more numerous in Al 6061 than in Al 5N. In addition, some strata could arise from simultaneous brightening of different locations along machining grooves, which were predominantly azimuthal. However, strata are observed not only on Al 6061 CM + EP rods, but also on Al 6061 DT + EP surfaces [ Fig. 3(h) ] for which machining grooves were mostly (Fig. 5 provides a guide for converting from counts to temperature). (a) and (d) have been contrast adjusted to accentuate relatively dim (versus background) overheated features. Doing so also accentuates distributed "hot" pixels which are not due to self-emission from the rod (they are much smaller than image resolution, and also not consistently located in the images from the two cameras); these artifacts are not included when quantifying the number of spots in an image (Fig. 4) . There is appreciable overlap in the surface area captured by the two cameras (C1 and C2); in all cases shown, similar surfaces will be 130-140 μm higher in the C1 image. As the current increases, the dominant pattern changes from spots, to strata for Al 6061, to filaments, with a brief overlap between stages [see Fig. 1(c) ].
eliminated [see Fig. 2(c) and (d) ]. Still, machining might generate unobserved azimuthally oriented variations in Al 6061 through, for example, work hardening, while affecting softer Al 5N differently. Also, given the limited number of Al 5N shots, timing jitter could have led to not capturing images of the brief (∼5 ns) phase when strata potentially exist. In summary, we emphasize the significance of the observation of azimuthal strata in the early heating phase-even if great care is taken to minimize surface roughness, strata appear which can then provide the dominant seed for MRT growth.
As surface plasma forms, the observable overheated structures transition to vertically oriented filaments, similar to ETI theory predictions for ∂η/∂ T < 0. Strata and filaments are observed simultaneously in Fig. 3 (e) and (h). In these images, the filaments appear broad and diffuse. Later, for all alloys and surface finishes, bright and sharp vertically oriented plasma filaments form [ Fig. 3(f) , (i), (j), (m), and (n)].
The histograms in Fig. 5 show that as the emissions from the rod's surface evolve from spots, to strata, to filaments, they intensify. Histograms in red apply to images dominated by spot emission. For such images, the majority of the rod surface area is relatively cool, and emits weakly, while the high-intensity "foot" of the distribution is due to spot emission. Histograms for images with concurrent strata and filaments (green) are trimodal, with a low intensity contribution due to background below ∼5000-6000 counts, a medium intensity contribution due to strata extending to near 8000 counts, and a high intensity contribution due to plasma filaments extending to nearly 15 000 counts. Emissions from plasma filaments are even more intense (black curves), and at higher current, the surface plasma tends to become increasingly uniform (3753).
Experiments capture phenomena, which are clearly 3-D in nature, evolve rapidly over few-nanosecond timescales, and may originate from micrometer-scale features on or within the metal, and therefore modeling the pertinent physics requires a 3-D and highly resolved simulation. Preliminary results using the 3-D-MHD code ALEGRA [39] inform how global structures (e.g., strata or filaments) can evolve from isolated Fig. 4 . Number of spots/mm 2 for select ICCD images. Red squares (blue diamonds) indicate data from camera 1 (camera 2). Al 6061 data are overlaid with a black "x" (others are Al 5N data). Green lines connect data points from a single shot. Images from camera 1 contain more discernable spots than those from camera 2. This is likely mostly due to two effects. First, camera 1 images (for a given shot) were typically gathered 2-4 ns later than those for camera 2, and the number of spots increases with time. Second, the two cameras had appreciably different spectral responses. For example, camera 1 was ∼6 times more sensitive than camera 2 at 500 nm, while camera 2 was more sensitive in the NIR. Thus, camera 1 was more sensitive to the higher temperature spots, and less sensitive to the cooler background, resulting in higher contrast. Fig. 5 . Histograms generated for certain camera 1 images. Red, green, and black curves present data for images dominated by spot, strata plus filament, and filament emission, respectively. Also, included in the plot are curves that provide a guide for converting from ICCD counts to a lower-bound temperature [eV] (using the secondary vertical axis) for camera 1 (orange) and camera 2 (purple). The conversions assume both blackbody emission and a surface emissivity of 1 and consider the best available data on imaging system setup and parameters (i.e., emitter area, solid angle, filter transmission, glass transmission, and intensifier quantum efficiency). In general, the camera 1 conversion suggests slightly lower temperatures than the camera 2 conversion for similar emission features; this issue has not yet been resolved, and may require detailed characterization rather than reliance on manufacturer datasheets.
surface defects. For example, our ongoing simulations using a 0.5-μm Eulerian mesh, tabular SESAME equation of state, and Lee-More-Desjarlais electrical and thermal conductivities [40] show that the 3-μm radius hemispherical pits or resistive inclusions will indeed seed spot formation. Spots then elongate in the direction perpendicular to the current flow; this occurs because current bends azimuthally around the defect, leading to enhanced current density at the edges, which results in overheating and increased local resistivity. Through this process, closely neighboring defects will stretch and eventually connect azimuthally to form elongated strata (in qualitative agreement with the results in [27] ); such strata readily couple to the MRT instability. Simulations show that the material surrounding the defect soon explodes and generates an expanding plasma plume (these 3-D ALEGRA simulations show that strata remain and grow below the plasma surface). Competition between cooling due to expansion and Joule heating in the plasma plume leads to preferential growth in the axial direction, eventually resembling the filaments observed experimentally. (Plasma filament formation was not considered in [21] and [27] .) A full discussion of 3-D simulations will be the topic of a future publication [41] .
